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NOTICE

When U.S. Government drawings, specifications, or other data are used for
any purpose other than a definitely related Government procurement operation,
the Government thereby incurs no responsibility nor any obligation whatso-
ever, and the fact that the Government may have formulated, furnished, or

in any way supplied the said drawings, specifications, or other data, is not
to be regarded by implication or otherwise, or in any manner licensing the
holder or any other person or corporation, or conveying any rights or
permission to manufacture, use, or sell any patented invention that may in
any way be related thereto.

FOREWORD

This report covers the work performed under Contract F04611-76-C-0058,
"Nitrogen Trifluoride (NF3) Oxidizer Systems Design Criteria," performed by
the Aerojet Liquid Rocket Company at Sacramento, California 95813 for the
Air Force Rocket Propulsion Laboratory, Edwards, California 93523. The
performance period covered from 1 August 1976 to 30 November 1977 and
documents the work conducted as Phase II of the contract.

The program Manager is Dr. S. D. Rosenberg; the project manager and princi-
pal investigator is Dr. E. M. Vander Wall. The work conducted in Phase II -
Compatibility Determinations was performed primarily by R. L. Beegle, Jr.,
Senior Chemist, J. A. Cabeal, Associate Chemist, R. K. Schaplowsky,
Associate Chemist, T. A. Freitag, Engineer and R. E. Anderson, Chemistry
Specialist. Technical advice was suppiied by G. R. Janser, Engineering
Specialist for Metals, and J. J. Shore, Engineering Specialist for non-
metallic materials.

The program was adminstered under the direction of the Air Force Rocket
Propulsion Laboratory, Lt. William T. Leyden III, Project Manager.

This technical report is approved for publication in accordance with the
Distribution Statement on the cover and on the DD Form 1473.

Forrest S. Forbes$, Chief,
Propellant Systems Section

William T.
Project Manager

[ / : ~
(o= ”(/‘;.'*rt l-—r( . d::tf—(,/) 1

EDWARD E. STEIN, GS-15 o
Deputy Chief, Liquid Rocket Division
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1.0 INTRODUCTION

The objective of the "Nitrogen Trifluoride (NF3) Oxidizer Systems
Design Criteria" program, Contract F04611-76-C-0058, is to obtain compati-
bility and safety data and to prepare a comprehensive Design Criteria Hand-
book for NF3 reactant systems. To attain the program objective, this program
is conducted in three phases. Phase I consisted of a literature search and
data assessment; Phase Il consisted of experimental compatibility deter-
minations; and Phase III consists of formulating information obtained from
Phases I and II into a nitrogen trifluoride design criteria handbook. The
work conducted as Phase I of the program was incorporated in the report
AFRPL-TR-76-75 "Nitrogen Trifluoride (NF3) Oxidizer Systems Design Criteria",
Phase I - Technical Report, Aerojet Liquid Rocket Company, Sacramento,
CA 95813 (September 1976). The work conducted as Phase 11 of the program
is the subject of this report. The work conducted as Phase III of the
program will be incorporated in USAF Propellant Handbooks AFRPL-TR-77-71,
"Nitrogen Trifluoride Volume III, Part A, Systems Design Criteria" Aerojet
Liquid Rocket Company, Sacramento, CA and in AFRPL-TR-77-72 "Nitrogen
Trifluoride, Volume III, Part B, Bibliography" Aerojet Liquid Rocket
Company, Sacramento, CA.

This report is organized in the following manner: (1) Introduction,
(2) Experimental Results and Discussion,and (3) Conclusions.
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2.0 EXPERIMENTAL RESULTS AND DISCUSSION

The objective of this program is to obtain compatibility and safety
data for nitrogen trifluoride usage and to prepare a comprehensive Design
Criteria Handbook for nitrogen trifluoride reactant systems. The work
conducted in Phase IT of the program involves experimental compatibility
determinations which are documented in the report. There are twenty-nine
metallic materials included in the program:

Stainless Steels 301 (Cryoformed), 303, 304, 304L, 316L, 321,
347, 17-4PH, A-286

1010-1020 Steel

OFHC copper, annealed

Aluminums 2219 T-87, 6061 T-6, 1100, 2014
Nickels 200 annealed, 270 annealed

Monel 400, annealed

Inconels 718 STA, 625

Titaniums 6A1-4V STA, 5A1-2.5 Sn ELI

CRES Nitronic 40

Maraging Steels 200 and 250

Beryllium Copper

Carpenter Custom 455

Aluminum Bronze 623

Tungsten

Narloy A

There are twenty-two non-metallic materials included in the program:

Viton Fluorosilicone elastomer Silastic LS53
Polytetrafluoroethylene Polyethylene

FEP Teflon Polypropylene

PFA Teflon Kevlar

Kel-F .81 CTFE Carbon (CDJ-83)

Rulon (CaFp-Filled) Carbon (CJPS)

Neoprene Krytox

Tygon Vacuum Stripped Krytox (3L-38RP)
Mylar Fluorosilicone (FS 3451)

Lucite Dry Powder TFE (MS-122)

Epoxy (EA-934) Kalrez (Dupont ECD-006)
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2.0, Experimental Results and Discussion (cont.)
There are five material contaminants included in the program:

Fingerprints
Petrcleum Jelly :
Light weight machine oil
Brazing Flux

Fluorocarbon 0i1 (FC-75)

Twelve types of tests were used to obtain the necessary design
criteria data. They are:

Cleaning and Passivation

Static Tests

Fracture Mechanics/Toughness Tests

Flow Tests

Adiabatic Compression Tests

Mechanical Impact Tests

Flow Impact Tests

Screening Tests

Disposal Tests

Propellant Analyses

Water Hammer Tests

Passivation Film Evaluation Tests

This section of the report is presented in the following order:
(1) Cleaning and Passivation Pretreatment of Materials, (2) Static Tests,
(3) Fracture Mechanics/Toughness Tests, (4) Gaseous Flow Tests, (5) Adia-
batic Compression Tests, (6) Mechanical Impact Tests, (7) Flow Impact
Tests, (8) Waste Disposal Tests, (9) Nitrogen Trifluoride Analyses and
Compressibility Factors, (10) Water Hammer Tests, (11) Nature and Rate of
Formation of Passivation Films, (12) Solubility of Passivation Films in
Liquid NF3, (13) Effect of Contaminants on Metals, (14) Effect of Impurities

on NF3 Compatibility, and (15) Gaseous Corrosion Rates of Metals Under
Flow Conditions.




2.0,

2.1 CLEANING AND PASSIVATION PRETREATMENT OF MATERIALS

The objective of this task was to establish at the outset of
the experimental program the proper procedures for cleaning and passivating
materials prior to testing, to verify the validity of the test procedures,
and to identify any gross incompatibilities which might exist between nitro-
gen trifiuoride and the selected materials.

2.1.1 Cleaning and Passivation Pretreatment of Metals

The purpose of this task was to establish early in the
experimental program the appropriate procedures for preparation of the metal
surfaces prior to exposure to nitrogen trifluoride for prolonged periods of
time. The two factors which required investigation were:

(1) The effect of cleaning and pickling on metal/
nitrogen trifluoride compatibility and

(2) The effect of pre-exposure to nitrogen trifluoride
as a passivation step and whether this type of
"passivation” is necessary to establish chemical
compatibility between nitrogen trifluoride and
metals.

2.1.1.1 Cleaning Procedures for Metals

The metal specimens used for testing were cleaned
according to two procedures which are as follows. The first procedure con-
sists of a detergent wash using Turco Plaudit as the detergent. The
washing is followed by degreasing in an isopropanol bath, a deionized water
rinse, an additional rinse with isopropanol and then vacuum drying the
specimens for 4 hours at 333K (140F§. The 1010 steel specimens were placed

immediately in a vacuum flask after the last isopropannl rinse to minimize
oxidation of the samples. The second procedure involves all the steps of
the first procedure plus immersing the specimens in appropriate pickling
solutions, followed by a deionized water rinse, thenan isopropanol rinse
and a final drying under vacuum at 333K (140F).

The pickling solutions are defined for the various
materials in Table 2.1-1. Because the Monel 400, Nickel 200, and Nickel 270
appeared to have traces of copper on the specimens after pickling in the
specified solution, the specimens were momentarily dipped in the pickling
solution used for the 300 series stainless steels to remove the trace of
copper. The pickling solution recommended by the manufacturer for the
maraging steels was totally inadequate. Its use produced a tenacious smut
on the metal specimens which was removed by hydrohoning with glass spheres.
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Materials

TABLE 2.1-1

PICKLING SOLUTIONS USED FOR VARIOUS
METALLIC SPECIMENS

Pickling Solutions and Procedure

17-4 PH,
Nitronic-40

2219 Aluminum
6061 Aluminum
1100 Aluminum
2014 Aluminum

Inconel 625
Inconel 718

Monel 400
Nickel 200
Nickel 270

6A1-4V Titanium
5A1-2.5 Sn Titanium

1010 Steel

OFHC Copper
Beryllium

Maraging Steels

Aluminum Bronze

300 Series Stainless Steel,

A-286, Carpenter Custom 455

10% HNO3,
4% NF,
86% H20,
Immersed Specimens for 5 Minutes @ 110°F

3.5% of 85% H3PO4,

2 ngazCr207-2H26 per 100 ML Sol'n

96.5% H20 .
Immersed Specimens for 5 Minutes @ 212°F

10% HNO3, 5% HF, 85% H20
Immersed Specimens for 5 Minutes @ 110°F

50% HC1 (20°Be)

3g CuCl2 per 100 ML of Sol'n

50% H»0

Immersed Specimens for 5 Minutes @ 180°F

20% HNO3, 1% HF, 79% HoG
Immersed 6A1-4VTi for %5 Minutes @ 120°F
Immersed 5A1-2.5 Sn Ti for 5 Minutes

@ 120°F

B% HaS0y (6° Be)» 3% HF, 89% Hp0
Innerseg pecimens for 5 Minutes @ 120°F

75% HC1 (20° Be), 25% Ho0
Immersed Specimens for 2 Minutes at
Room Temperature

18% H2S04, 82% H20 at 150-160°F
Immerse Specimens Until Clean

4-15% H2S04 (1.83 SP GR) by Volume
Remainder H20, Immerse Specimens 1/2 to
15 Minutes at Room Temperature to 140°F
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2.1, Cleaning and Passivation Pretreatment of Materials (cont.)

2.1.1.2 Passivation Procedures for Metals

With regard to passivation, the degree of prepassiva-
tion that is required in NF3 systems was not adequately defined. It remained
to be demonstrated that self-passivation occurs on clean surfaces at appro-
priate reaction rates. From an operational standpoint, it is desirable
that the treatment can be accomplished with the NF3 itself. It is also
recognized that such treatments are normally conducted at a temperature above
the designed use temperature when it is practical to do so. Based on the
foregoing, metal specimens were subjected to three conditions with regard
to passivation: (1) no pretreatment, (2) exposure to NF3 vapor at a few
atmospheres pressure for at least two hours at room temperature, and
(3) exposure to F2 vapor at a few atmospheres pressure for at least two
hours at room temperature.

2.1.1.3 Test Apparatus and Precedures

The metals specimens were tested in the form of
coupons which were 4.45 cm (1.75 in.) long, 1.59 cm (.625 in.) wide, and ]
the thickness varied from 0.025 to 0.318 cm (.010 to .125 in.). Two ]
holes, 0.318 cm (.125 in.) in diameter were drilled in the coupons so |
that they could be held in position during exposure to the nitrogen : A
trifluoride. The rack with the specimens is shown in Figure 2.1.1. The 1
racks were inserted into containers which were fabricated from 5.1 cm
(2 in.) diameter 304L pipe and a pipe end-cap. A stainless steel bellows
valve was welded to the other end cap and this assembly was welded to the
5.1 cm (2 in.) diameter pipe after the rack was in place. An internal
and external purge of argon was maintained during the final welding opera-
tion. The test container was leak-checked by pressurization with helium,
then evacuated to less than 1 mm (Hg) pressure and filled through the valve
with the desired gas. A photograph of a test container is shown in Figure 2.1.2.

The aluminum alloy specimens were not loaded as
described above but were positioned between two slotted Teflon plugs and
then inserted into a container fabricated from 1.9 cm (.75 in.) diameter
304L pipe with an end cap. The pipe was then sealed by welding on the
other end cap to which a .64 cm (.25 in.) diameter 304 fill tube was
attached. The welding was conducted as described for the 5.1 c¢m (2 in.)
diameter containers. After leak checking and subjecting the contents to
the desired pretreatment, the tubes were filled with the desired quantity
of nitrogen trifluoride, by condensation in liquid nitrogen. While the
contents were immersed in the liquid nitrogen, the fill tube was crimped
and then welded. The container is shown in Figure 2.1.3.

The test matrix for screening the metal/nitrogen
trifluoride interactions is presented in Table 2.1-2. The F2 passivation
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2.1, Cleaning and Passivation Pretreatment of Materials (cont.)

treatment is considered to be the most rigorous possible and undesirable
from an operational viewpoint. Therefore it is used only in conjunction with
the rigorous cleaning procedure which includes the pickling step. The
“non-treatment" and NF3 passivation are evaluated in conjunction with both

the abbreviated and rigorous cleaning procedures. The NF3 passivation treat-
ment with rigorous cleaning procedure as appropriate with all the candidate
metals is used in the program as the baseline condition in the metal screening
tests at 223K (=50 C). Selected metal specimens were used in evaluation

of the effectiveness of "non-passivated"-abbreviated cleaning, "non-
passivated"-rigorous cleaning, NF3 passivated - abbreviated cleaning, and

Fo passivated - rigorous cleaning procedures. The selected metal specimens
include a representative of each class of candidate metals: an austenitic
stainless steel, 17-4 PH, an Inconel, Monel 400, Nickel 200, an aluminum
alloy, Ti 6A1-4V, Cu OFHC and 1010 steel., The metal specimens in each

test apparatus during the 30-day exposure were grouped in accordance with
their pre-test treatments in order to eliminate any cross-contamination,
Control tests were conducted with 304 specimens in 304L containers to

verify that metal/metal interactions did not occur in the gauged metal

specimen tests.

The majority of the tests were conducted at 223 K
(=50 C) in order to evaluate the material compatibility under a "worst case"
condition in the liquid phase, the nitrogen trifluoride critical temperature

is 233 K and the vapor pressure of nitrogen trifluoride at 223 K is
approximately 3.45 MN/m¢ (500 psia). To assess the effect of temperature

on the material compatibility in the vapor phase,_one series of tests was »
included in the matrix at conditions of 3.45 MN/m? (500 psia) and 344 K (160 F)

The 223 K (-50 C) temperature environment was achieved
by injecting liquid nitrogen into an insulated box which was fitted with an
internal circulating fan. A helium-gas thermometer in connection with a
U-tube containing mercury which opened and closed contacts of an electrical
relay was used to operate a solenoid valve which controlled the coolant flow.
The temperature was maintained within + 3 K of the desired temperature.

The 344 K (160 F) temperature environment was achieved by use of a circulating
air oven whichwas controlled to within + 1 K,

2.1.1.4 Test Results

The tests reported in this section were all conducted
with the same cylinder of NF3 and its analysis is reported in the tabula-
tion presented in Table 2.1-13. All the tests were conducted in sample
bombs fabricated from 304L stainless steel as described in the previous

section.
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2.1, Cleaning and Passivation Pretreatment of Materials (cont.)

One series of tests was designed to obtain informa-
tion early in the program as to the general corrosive nature of the NF3
towards the various metallic materials. The metal specimens used in the
tests were cleaned and pickled with the appropriate solutions as shown in
Table 2.1-1 and then subjected to nitrogen trifluoride vapor exposure at 2
atmospheres for at least two hours before the sample bombs were loaded
with the required quantity of nitrogen trifluoride. The data which are pre-
sented include the type of specimen, its surface area, weights, calculated
average corrosion penetration rates in both the S.I. units of picometers/
sec (pm/sec) and English units of mils per year (mpy), and visual obser-
vations. The data from the test seriés are presented in Tables 2.1-3, 2.1-4,
and 2.1-5. The several metallic specimens were grouped into a single test
bomb for each specific exposure condition; the specimens listed in each
table were in the same test bomb. The two exposure conditions indicated
in Tables 2.1-3 and 2.1-4 are due to the fact that the initial exposure was
at 223 K, but the bombs were stored following the initial.exposure in a
dry-ice environment, 195 K prior to the opening.

The significant items to note from the data in
Tables 2.1-3, 2.1-4 and 2.1-5 are that (1) in general no catastrophic corrosion
occurs in either the liquid/vapor or vapor only exposure at 233 K, the weight
losses for the titanium alloys correspond to a corrosion rate of less than
0.2 pm/sec (0.2 mpy) in the liquid/vapor exposure and to a rate of .03
pm/sec (0.04 mpy) for the vapor exposure, the other materials exhibited
rates which are an order of magnitude less; (2) in the vapor phase at
344 K (160 F) the titanium alloys exhibited a corrosion penetration rate
of .16 pm/sec (0.2 mpy) and all the other materials were at least an order
of magnitude less except for the 17-4 PH which exhibited a rate of .73 pm/sec
(0.9 mpy). The behavior of the 17-4 PH may be an anomaly which is resolved
by the Tong-duration static tests.

The next series of tests was designed to assess the
merit of pickling the cleaned parent materials prior to exposure. The
samples used in the test series were not highly oxidized in their as-
received condition and were cleaned by the procedures described in
Table 2.1-1. The data are reported in Tables 2.1-6 and 2.1-7. The data indicate
a general trend that the weight losses were very slightly less with the
materials which were subjected to the pickling procedure. A comparison of
the data in Table 2.1-3 in which case the samples were cleaned, pickled
and nitrogen trifluoride passivated with the data in Table 2.1-8 in which
parent metal specimens were cleaned and nitrogen trifluoride passivated,
but not pickled confirms the general trend of a very slight improvement in
corrosion resistance. The benefits of the pickling procedures are best
demonstrated for the titanium alloys in which case a significant improvement

is apparent.
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2.1, Cleaning and Passivation Pretreatment of Materials (cont.)

The effectiveness of the "passivation treatment" can
be assessed by comparison of the data in Tables 2.1-3, 2.1-7, and 2.1-9. Only
parent material specimens were used in the tests reported in Tables 2.1-7 and
2.1-9. From the data it is apparent that the rigorous fluorine passivation
(Table 2.1-9) does not significantly alter the corrosion resistance compared
to the nitrogen trifluoride passivation (Table 2.1-3), and neither one of the
"passivation treatments" exhibits a significant improvement in corrosion
resistance over the "non-passivated" specimen tabulated in Table 2.1-7. It
must be kept in mind at this point that the presence of a "passivation-film"
as a result of pre-exposure was not experimentally determined.

In order to determine if the presence of many
different materials within a sample bomb can lead to metal/metal interac-
tions which will bias the inherent compatibility of a material with NF3, a
‘ series of tests was conducted with aluminum alloys in contact with and
i electrically isolated from 304 stainless steel specimens under the exposure
, conditions already described in the previous test series. The data from
‘ the tests is presented in Table 2.1-10.

The data indicate that there is no significant
difference in the weight losses that are measured for the aluminum speci-
mens in contact with the 304 stainless steel and the aluminum specimens
that are isolated from the 304 stainless steel. The electrical isolation
was achieved by placing the ends of the coupons in slots between two
Teflon plugs.

Finally a test series was conducted in which only

i 304 stainless specimens were exposed to nitrogen trifluoride under various

! conditions in 304-L test bombs. The data are presented in Table 2.1-11.

The weight loss values do not differ significantly from the values obtained
with 304L specimens used in the multicoupon exposure tests. The welded
samples generally exhibit a greater weight loss than the parent samples, but
no significant corrosion occurs.

A statistical analysis of the weight changes which
all parent metal specimens exhibited after exposure to the liquid/vapor
phase nitrogen trifluoride at 233 K was conducted as a function of the
pretreatment given prior to exposure. The titanium alloys were analyzed
separately because of the large weight losses they incurred in comparison
gi{h]gll the other metal specimens. The results are presented in Table
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2.1, Cleaning and Passivation Pretreatment of Materials (cont.)

TABLE 2.1-12

STATISTICAL ANALYSIS OF WEIGHT CHANGES OF PARENT METAL
SPECIMENS SUBJECTED TO VARIOUS PRETREATMENTS
PRIOR TO EXPOSURE TO LIQUID/VAPOR NITROGEN TRIFLUORIDE AT 223 K

Mean Weight Change, mg

Pretreatment Procedure Titanium Alloys A1l Other Metals -
Cleaned only 6.4 + .2 0.26 + .13 !
Cleaned, Pickled, No Preexposure 4.5 +1.8 0.094 + .14
Cleaned, Preexposed to NFj 9.8-4.3.3 0,28 & .17
Cleaned, Pickled, Preexposed to NF, 3.0 + 0.6 0.056 + .12
Cleaned, Pickled, Preexposed to F, 4.0 + 0.3 0.11 + .12

The data in Table 2.1-12 indicate that pickling after
cleaning does reduce the weight changes which occur during exposure to nitrogen
trifluoride, but that pre-exposure to nitrogen trifluoride or fluorine at
ambient temperatures after pickling does not significantly enhance the
metal/nitrogen trifluoride compatibility. Based on this data, the metal
specimens subjected to long-term exposure to nitrogen trifluoride were
cleaned and pickled, but were notpre-exposed to nitrogen trifluoride as a
passivation step.

Chemical analyses of the nitrogen trifluoride
recovered from the tests reported in Tables 2.1-3 through 2.1-11 were con-
ducted using the method described in "Analysis of Nitrogen Trifluoride",
AFRPL-TR-76-89, December 1976 using gas chromatography and a specific
ion electrode to determine the total active fluorides.

The test bombs which contained "all metals except
A1" were fitted with valves which allowed the nitrogen trifluoride to be
sampled directly. Al1l the other test bombs were opened in a helium
atmosphere with the liquid nitrogen trifluoride condensed in a liquid
nitrogen bath and the contents were transferred to an appropriate size
sample bomb for the analysis. The analyses obtained with direct sampling
are less subject to sample handling contamination and thus are more
reliable. In some cases samples were lost prior to analysis. Because
nitrogen trifluoride was vapor-transferred from the original sample
containers, an attempt was made to recover the solid materials which
remained by washing the opened sample containers with Freon and weighing ;
the residues after the Freon had evaporated. In some cases no data was
obtained and it is so specified in the tabulation. The data are presented
in Table 2.1-13.
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2.1, Cleaning and Passivation Pretreatment of Materials (cont.)

The significant items to note from the data are:
(1) the nitrogen trifluoride used in the 223 K static storage tests is
virtually unchanged, (2) at 344 K the nitrogen trifluoride stored with "all
metals except Al" exhibited a decrease of 1% in nitrogen trifluoride and a
significant increase in active fluoride content (the titanium samples and
the 17-4 PH sample exhibited significant weight lTosses); the "aluminum and
304" sample exhibits a smaller decrease in nitrogen trifluoride content and
increase in active fluoride while the "304 only" sample shows no change.
Based on the data, the titanium and 17-4 PH specimens were exposed to
nitrogen trifluoride vapor at elevated temperatures for prolonged periods
in isolated test bombs.

The results can be summarized as follows,

1. No metal specimen exposed to either liquid or
vapor nitrogen trifiuoride at 223 K (-50°C) for a month, or to nitrogen
trifluoride vapor at 3.45 MN/m< (500 psta) at 344 K (160 F) for a month
exhibited a corrosion penetration rate of greater than 0.8 pm/sec
(1 mil per year).

2. The pickling of the metal samples provided a very
slight improvement in the corrosion resistance of the materials.

3. Pre-exposure of the metal specimens to nitrogen
trifluoride or fluorine at room temperature did not alter the corrosive
behavior as compared to no pre-exposure of the metal specimens.

4. No intermetallic interactiens or galvanic corro-
sfon occurred in uncontaminated liquid NFj,

5.  No significant compositional changes in nitrogen
trifluoride occurred at the lower temperatures and only minimal composi-
tional changes were detected at 344 K.

2.1.2 Cleaning and Passivation Pretreatment of Non-Metallic
Materials

The purpose of this task was to establish early in the
experimental program the appropriate procedures for preparation of non-metailic

material surfaces prior to exposure to nitrogen trifluoride for prolonged
periods of time, .




2.1, Cleaning and Passivation Pretreatment of Materials (cont.)

2.1.2.1 Cleaning Procedures for Non-Metallic Materials

¥

The non-metal specimens were, except for the carbon, . |

the greases, and the epoxy, detergent washed with a Turco Playdit solution, i
rinsed with deionized water and vacuum dried overnight at 333 'K (140 F). The ?
carbons, the greases, and the epoxy were used in the as-received condition. i

2.1.2.2 Passivation Procedure for Non-Metallic Materials

Although passivation per se of non-metals is inappro- &
priate, the exposure of non-metals after cleaning and drying to nitrogen
trifluoride at ambient temperature and pressure may have merit in regard
to removal or reaction with absorbed or occluded species. We had planned
to evaluate this procedure by exposing non-metal samples for the initial
non-metal screening tests to nitrogen trifluoride vapor at room temperature
for several hours prior to the testing. The results obtained with nitrogen
trifluoride-exposed samples were then to be compared to the results obtained
with the samples whichwere not subjected to the pretreatment. On the basis
of these results, the appropriate pretreatment was to be selected. However,
the initial screening tests with non-metallic materials with nc pre-exposure
to nitrogen trifluoride exhibited no gross incompatibility between the
nitrogen trifluoride and non-metallic candidates at temperatures up to
478 K (400 F) except for the Epoxy EA-384 and Silastic LS-53 during
5-15 minute exposure periods.

2.1.2.3 Test Apparatus and Procedures

A photograph of the assembled test apparatus is shown
in Figure 2.1.4. The test apparatus consists of a reaction flask which con-
tains a copper plate which is heated from beneath by electrical resistance
coils. The lower section of the glass flask is filled with nitrogen to
prevent the nitrogen trifluoride from reacting with the hot resistance
wire. The top half of the glass flask (~480ml volume) is initially
filled with nitrogen which is displaced by the nitrogen trifluoride as
its flow is initiated. The surface of the copper plate is shown in
Figure 2.1.5. The nitrogen trifluoride is heated as it passes through a
0.32 cm (.125 in.) copper coil which is located immediately beneath the
copper plate. The flowing gas impinges on the surface of the non-metal
specimen and a thermocouple is placed on the surface of the non-metal
specimen to measure the temperature. The output from the thermocouple
is recorded on the Y-axis of an X-Y recorder. Another thermocouple is
placed on the sbeface of the copper plate and the output is recorded on
the X-axis of the X-Y recorder. In this manner as the sample is heated,
any endotherm or exotherm is detected by deviations in slope of the

recorded trace.
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2.1, Cleaning and Passivation Pretreatment of Materials {cont.)

Two types of tests were conducted with the apparatus.
In the first test series the specimens were heated from ambient temperature
to 478 K (400°F) in a period of 10 to 15 minutes while either oxygen or
nitrogen trifluoride was flowing at a rate of 60 m1/min onto the surface
of the specimen. In addition to the thermal measurements, visual changes
in the specimens were noted. The total pressure in the reaction flask was
one atmosphere. In the second test series, the specimens were heated while
nitrogen trifluoride was flowing onto the surface at a rate of 60 ml/min
to the maximum usage temperature recommended for the material and the
specimen was held at that temperature for a period of five minutes while
the nitrogen trifluoride flow rate remained a 60 ml/minute.

2.1.2.4 Test Results

The results of the tests are presented in Table 2.1-14.
The tests in which nothing occurred are identified by a minus sign (-); the
tests in which something occurred are designated by a plus sign (+) and the
phenomena are identified. The temperatures reported in the table are the
values for the exposed surface of the specimens. The nitrogen trifluoride
used in the tests had a minimum purity level of 98.2 weight percent NF3
and a maximum active fluoride content of 0.17 weight percent.

The significant items to note from the test results
are: (1) no apparent reaction occurred between NF3 and the non-metals
except for Mylar at 478 K (400 F), Epoxy (EA-934)at 450 K (350 F), and
Silastic LS-53 at 433 K (320 F); (2) the reactivity of nitrogen tri-
fluoride with the non-metals is comparable to that of oxygen under the
same conditions with the exception of the above mentioned materials. The
reader should be cautioned that the preceding tests are screening tests for
gross incompatibility under the described test condition and are not
necessarily an indication of compatibility during long-term exposure.
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2.0, Experiment Results and Discussion (cont.)

2.2  STATIC EXPOSURE TESTS
The purpose of the static exposure tests was to determine the
degree of chemical compatibility which exists between nitrogen trifluoride
and the various candidate materials under static conditions.

2.2.1 Static Exposure Tests with Metals

2.2.1.1 Apparatus and Procedures

The metal specimens used in the tests were of the
same dimensions as described in Section 2.1.1.3 and the specimen containers
were the same as described in Section 2.1.1.3 and shown in Figures 2.1.1,
2.1.2, and 2.1.3. Based on the results reported in Section 2.1.1.4, prior
to testing, the metal specimens were washed in detergent solution (Turco
Plaudit), degreased in an isopropanol bath, rinsed with deionized water,
then immersed in the appropriate pickling solution listed in Table 2.1-1,
-insed with deionized water, rinsed with isopropanol, and finally dried
under vacuum at 333 K (140 F). There was no pre-exposure of the specimens ]
to gaseous nitrogen trifluoride prior to the loading with the desired .
quantity of nitrogen trifluoride for the test condition. >

The following metals were tested in separate 304L
stainless steel containers as shown in Figure 2.1.3: (1) the aluminum
alloys, (2) the titanium alloys, 23; aluminum bronze 623, &4 tungsten-

2% thoria, (5) beryllium copper, (6) CRES 17-4PH, H-1025, (7) C-1010 steel
and (8) Carpenter Custom 455. The remainder of the metal alloys were
exposed in ganged-fashion as shown in Figure 2.1.1 and2.1.2. Typical compo-
sitions of the metal candidates evaluated are presented in Appendix A.

The static test durations were for periods of 30
days, 90 days, and 270 days. The varying exposure periods allowed the
nature of the reaction which might occur to be evaluated and provided some
realistic corrosion penetration rate data.

Liquid/vapor exposure tests were conducted at 195 K
(-78 C) because the temperature could be reliably maintained using
evaporating solid CO2 as the refrigerant, the vapor pressure of the liquid
nitrogen trifluoride is significant 1.4 MN/m2 (200 psia), and the liquid/
metal reaction rates should be greater than in a boiling 1liquid nitrogen -
environment 77 K (-196 C). i

Gaseous exposure tests were conducted at 344 K 3
(160 F) because the temperature represents the upper limit which is likely |
to be encountered at earth surface conditions, The gaseous tests were .
conducted at pressures ranging from 3.45 MN/m2 (500 psia) for all the
materials to 17.24 MN/m2 (2500 psia) for selected materials.

3
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2.2, Static Exposure Tests (cont.)

The static compatibility test matrix for the metals
is presented in Table 2.2-1. The numbers in the test matrix table should
be interpreted as follows. Number 1 indicates one test specimen of parent
material. Number 2 indicates that both a welded and a parent metal speci-
ment are tested.

After the tests were completed, the nitrogen trifluoride
was recovered from the test containers and analyzed to determine the composi-
tional changes which may have occurred during the exposure.

2.2.1.2 Experimental Results

The experimental results obtained from the liquid/
vapor static exposure tests for durations of 30, 90 and 270 days at 195 K
(-78 C) are tabulated in Table 2.2-2. The weight changes, corrosion
penetration rate values, initial active fluoride content of the nitrogen
trifluoride and visual observations are recorded in the table. The initial
active fluoride values are important because one of the active fluoride
species, hydrogen fluoride, is shown to significantly increase the corrosion
of metals in nitrogen trifluoride (see Section 2.14).

The significant items to note from the data in
Table 2.2-2 after 270 days exposure are as follows: (1) none of the
metal alloys exhibited any significant corrosion, the maximum corrosion
penetration rate observed is less than 0.08 pm/sec (0.1 mpy); (2) the
aluminum alloys corrosion penetration rates ranged from 0.006 to 0.063 pm/sec
(0.008 to 0.078 mpy); and (3) the remainder of the metals except for copper
OFHC (0.04 pm/sec, 0.05 mpy) and Inconel 718 (0.014 pm/sec, 0.018 mpy)
exhibited rates of less than 0.008 pm/sec (0.010 mpy). On a comparison
basis, the 270 day-exposure corrosion data for the aluminum alloys generally
are higher values than were obtained for the 30 and 90 day exposures. The
nitrogen trifluoride which was used for the 270 day exposure tests contained
0.10 weight percent active fluoride calculated as HF while the nitrogen tri-
fluoride used for the 30 and 90 day tests contained less than 0.0001 weight
percent active fluoride. This difference in active fluoride content can
produce the difference in corrosion rates which are reported.

The experimental results obtained from the gaseous
static exposure tests for durations of 30, 90 and 270 days at 344 K (160 F)
and 3.45 MN/m2 (500 psia) are presented in Table 2.2-3.

The significant items to note from the data obtained
from the metal specimens exgosed to nitrogen trifluoride for 270 days at
344 K (160 F) and 3.45 MN/mé (500 psia) are as follows: (1) none of the
metal alloys except for Carpenter Custom 455 (0.34 pm/sec, 0.43 mpy),
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TABLE 2.2-3 (cont.)

Exposere  Specimes
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Soeiner

Geservations
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¥aterial _Type

Very slight purple stafe

Purple stain
Very slight purple stain
Some purple and yellow stain

Very slight purple stain
Some purple 20 yellow stain

......

Some purple 206 yellow staie

Some purple 2nd yellow stain
Slight purple staie

Ao apparent reaction

No 2pparent reaction
No apperest reaction

o zpparent reactios
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Some purple 20d yellow stzin
Some purgle and yellow stain

Slight purple staie
Light purple stains
Light pwrple staims
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RERRRR
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||||||
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Some perple and yelliow sta‘n
Some purple 20 yellow stain

Slight purple stais
Light purple staims
Light purple stains

Slight purple staie

eheane

| BEREER

- -F-N-X-1 -]

gHEHER 8

......
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......

Yery light brown 2nd purple stafs

Stight purple stain
Sark gray staiss

10
0903
.18

BER

oRd

S

Black coating on swrface

Sark Srown deposit
ark brown degposit
Elack spots on surface
Gere brows co2ting
Dark brown coating
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I04-L 53, Bemezlec

welges
Parent
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Parest
P
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2.2, Static Exposure Tests (cont.)

e T i L

6061-T-6 atuminum (0.12 pm/sec, 0.15 mpy), and tungsten (0.35 pm/sec, 0.44
mpy) exhibited any significant corrosion, that is, a rate greater than
0.08 pm/sec (0.10 mpyg; (2) the aluminum alloys corrosion penetration rates
ranged from 0.01 pm/sec (0.012 mpy) to 0.12 pm/sec (0.15 mpy); and the

300 series stainless steel alloys and nickel exhibited rates equal to or
less than 0.005 pm/sec (0.006 mpy); and the rates for the titanium alloys
ranged from 0.02 pm/sec (0.025 mpy) to 0.059 pm/sec (0.074 mpy). The
nitrogen trifluoride used for the 270 day exposure tests contained 0.10
weight percent active fluoride calculated as hydrogen fluoride while all
the 90 day exposure tests reported in Table 2.2-3 were conducted with
nitrogen trifluoride which contained 0.0003 weight percent active

fluoride or less. For the 30 day exposure tests labeled BMX the nitrogen
trifluoride contained 0.10 weight percent active fluoride while all the
other 30 day exposure tests were conducted with nitrogen trifluoride which
initially contained 0.0001 weight percent active fluoride. During the

270 day exposure tests the oven which contained the sample containers did
undergo a temperature excursion from 344 K (160 F) to 422 K (300 F) for

a two day period during a weekend. An examination of the test data indi-
cates that the event did not adversely affect the metal corrosion rates.

The experimental results obtained from the gaseous

static exposure tests with selected metals for duration 8f 30, 90 and
270 days at 344 K (160 F) and pressures up to 17.24 MN/m< (2500 psia)
are presented in Table 2.2-4. The significant items to note from the data
are as follows: (1) generally the corrosion rate, based on 270 day data,
increases slightly with pressure but the rates for all the metals tested
are very low, the highest measured rate is 0.18 pm/sec (0.22 mpy),

(2) the corrosion which occurs apparently does so during the initial
portion of the exposure period, the 30 day rates are generally greater
than the 270 day rates, and (3) the chemical compatibility of the metals
selected for testing with nitrogen trifluoride increases in the order
Maraging steel 200, Maraging steel 250, titanium 6A1-4V, Inconel 718 STA,
2219 aluminum, T-87, 1010 carbon steel and CRES 301, cryoformed.

The chemical analyses of the nitrogen trifluoride
recovered from the tests are presented in Table 2.2-5. The chemical
analysis of the nitrogen trifluoride as it was received in the cylinders
which were used to fill the test containers are included in the table for
the reader's convenience. The data in the table indicate that no signi-
ficant decomposition of nitrogen trifluoride occurred in the presence
of the metals in the liquid/vapor tests at 195 K (-78 C). At 344 K
(160 F) and at pressures from 3.45 MN/m¢ (500 psia) to 17.24 MN/ml
(2500 psia) the nitrogen trifluoride did not decompose to a significant
extent although there is some evidence that there is a nitrogen-forming
decomposition reaction occurring at the rate of a few tenths of a percent

per year.
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